In order to achieve accurate chromosome segregation, eukaryotic cells undergo a dramatic change in morphology to obtain a spherical shape during mitosis. Interphase cells communicate directly with each other by exchanging ions and small molecules via gap junctions, which have important roles in controlling cell growth and differentiation. As cells round up during mitosis, the gap junctional communication between mitotic cells and adjacent interphase cells ceases. Whether mitotic cells use alternative mechanisms for mediating direct cell-cell communication during rounding is currently unknown. Here, we have studied the mechanisms involved in the remodeling of gap junctions during mitosis. We further demonstrate that mitotic cells are able to form actin-based plasma membrane bridges with adjacent cells during rounding. These structures, termed "mitotic nanotubes," were found to be involved in mediating the transport of cytoplasm, including Rab11-positive vesicles, between mitotic cells and adjacent cells. Moreover, a subpool of the gap-junction channel protein connexin43 localized in these intercellular bridges during mitosis. Collectively, the data provide new insights into the mechanisms involved in the remodeling of gap junctions during mitosis and identify actin-based plasma membrane bridges as a novel means of communication between mitotic cells and adjacent cells during rounding.
Introduction
A characteristic of eukaryotic cells is to round up during mitosis. 1 A round morphology is important to ensure proper spindle formation, to distribute components to the daughter cells appropriately, and to establish correct intracellular gradients of signaling molecules. 1 Rounding up is followed by the ingression of the cytokinetic furrow at the cellular equator and subsequent membrane abscission at the cytokinetic midbody that separates the two daughter cells. The cell rounding that occurs during mitosis is associated with a major decrease in the cell surface area, which reaches a minimum at metaphase. 2 This decrease has been proposed to be due to increased numbers of microvilli, blebs, and folds on the cell surface of the mitotic cell. 3, 4 Others have reported that the reduction of the cell surface area could be due to continuous membrane internalization accompanied by shutdown of membrane recycling, causing an accumulation of membrane components in intracellular compartments. 2 The cell surface increases again with the onset of anaphase when the intracellular reservoir of the membrane components is recycled. 2 The reduction in cell surface area during mitosis is associated with a decrease in cell volume. [5] [6] [7] This cellular condensation occurs as a result of extrusion of osmotically active chloride via voltage-gated channels, resulting in an outward osmotic pressure in dividing cells. 8 After reaching a minimum at metaphase, the cell volume increases again, and toward the end of cytokinesis, the combined volume of the two daughter cells equals that of their mother cell during prophase. [5] [6] [7] As cells round up during mitosis, they remain anchored to the substratum by forming actin-based retraction fibers. 9, 10 However, the mechanism by which mitotic cells maintain contact and communicate with adjacent cells during rounding is less well understood. Cell-cell adhesion is generally considered to be retained during mitosis, as tight junctions, adherens junctions and desmosomes have been shown to persist throughout cell division. 11 In contrast to the other types of intercellular junctions, gap junctions are subjected to a major remodeling during mitosis, resulting in the loss of gap junctional intercellular communication. [12] [13] [14] [15] [16] [17] The gap junctions consist of arrays of intercellular channels that enable adjacent cells to directly exchange ions, secondary messengers, and other small molecules (<1 kDa). This form of cell-cell communication has important roles in cell growth control and differentiation, in embryogenesis, and in the maintenance of tissue homeostasis. 18 The constituents of the gap junction channels are a family of transmembrane proteins called connexins. The human proteome consists of 21 known connexin proteins, of which the most ubiquitously expressed is connexin43 (Cx43). 19 Germline mutations of connexins are linked to deafness, peripheral neuropathies, skin disorders, cataracts, and cardiovascular diseases. 20, 21 Moreover, connexins are often downregulated during cancer pathogenesis, resulting in loss of intercellular communication via gap junctions. 22, 23 In addition to communicating via gap junctions, neighboring cells are also able to form thin membranous extensions that provide a pathway for direct exchange of cytoplasm and for electrical coupling. [24] [25] [26] These structures, termed tunneling nanotubes, have been identified in a variety of cell types in vitro, including epithelial cells, fibroblasts, neurons, and immune cells. [24] [25] [26] There is also increasing evidence that tunneling nanotubes exist in vivo. For instance, structures resembling tunneling nanotubes have been identified in solid tumors obtained from patients with malignant pleural mesothelioma 27 and in MHC class IIC cells in the mouse cornea. 28 Tunneling nanotubes are considered to have important roles in development and immunity, as well as in pathogen transfer. 24 Interestingly, recent studies have demonstrated a close functional interplay between the gap junctions and tunneling nanotubes. [29] [30] [31] [32] Cx43 has been shown to localize in tunneling nanotubes, where it has essential roles in mediating the electrical coupling between cells via the tunneling nanotubes. 31, 32 Here, we show that although gap junctions are lost as cells round up during mitosis, the mitotic cells are able to communicate with adjacent cells by forming actin-based intercellular bridges. We demonstrate that such bridges, termed "mitotic nanotubes," are involved in mediating the intercellular transfer of cytoplasm, including Rab11-positive vesicles, between mitotic cells and adjacent cells. We further show that a subpool of Cx43 localizes in these actin-based intercellular bridges during mitotic rounding.
Results

A Cx43 subpool is subjected to increased endocytosis during mitosis
As a first approach to study the mechanisms involved in the remodeling of gap junctions during mitosis, we analyzed the subcellular localization of Cx43 during mitosis in IAR20 cells, which express high levels of endogenous Cx43 that forms functional gap junctions. 33 As determined by fluorescence confocal microscopy, a subpool of Cx43 was found to be subjected to relocalization from the plasma membrane to intracellular vesicular structures, in accordance with previous studies in other cell lines (Fig. 1A) . 12, 16, 17, 34 The internalized Cx43 was found to partly colocalize with the early endosomal marker EEA1, in line with previous observations in other cell lines (Fig. 1B) . 12 A quantitative analysis revealed that the level of colocalization between Cx43 and EEA1 started to increase in the early phases of mitosis and reached its peak at anaphase (Fig. 1C) . Superresolution microscopy confirmed that Cx43-positive intracellular vesicles in mitotic cells partly colocalized with EEA1 ( Fig. 1D; Fig. S1 ). These data suggest that a subpool of Cx43 undergoes increased endocytosis and trafficking to early endosomes during mitosis in IAR20 cells.
The molecular mechanisms involved in the endocytosis of gap junctions during mitosis have not been characterized. Moreover, whether the increased endocytosis of Cx43 during mitosis is a prerequisite for the remodeling of gap junctions during mitosis is currently unknown. We have previously demonstrated that the E3 ubiquitin ligase SMAD ubiquitination regulatory factor-2 (SMURF2) controls the endocytosis of Cx43 gap junctions under basal conditions and in response to activation of protein kinase C (PKC). 35 In mitotic IAR20 cells, SMURF2 was found to partly colocalize with Cx43 gap junctions at the plasma membrane and in intracellular vesicles ( Fig. 2A) . To determine whether SMURF2 is involved in the remodeling of Cx43 gap junctions during mitosis, we depleted SMURF2 by using small interfering RNA (siRNA). In these experiments, the SMURF2 protein level was reduced by approximately 70% compared with cells transfected with a control siRNA sequence ( Fig. 2B and Fykerud et al. 35 ). Depletion of SMURF2 resulted in an overall increase in Cx43 protein levels, in accordance with our previous study ( Fig. 2B and Fykerud et al. 35 ). Importantly, depletion of SMURF2 strongly counteracted the remodeling of Cx43 gap junctions during mitosis (Fig. 2C) . While Cx43 was found to gradually undergo endocytosis during mitosis in control siRNA-transfected cells, most Cx43 localized at the plasma membrane and formed gap junctions at cell-cell borders in all phases of mitosis in cells depleted of SMURF2 (Fig. 2C) . To quantify the effect of SMURF2 depletion on the relocalization of Cx43 during mitosis, we determined the level of Cx43 staining at the plasma membrane as a percentage of overall Cx43 staining in anaphase cells. In control cells, approximately 40% of Cx43 was found to localize at the plasma membrane during anaphase (Fig. 2D) . In contrast, cells depleted of SMURF2 expressed approximately 70% of Cx43 at the plasma membrane during anaphase (Fig. 2D ). As control, the tight junction protein occludin did not appear to undergo major relocalization from the plasma membrane to endocytic compartments in mitotic cells (Fig. 2C) . Collectively, these data indicate that the remodeling of the Cx43 gap junction during mitosis in IAR20 cells is regulated by SMURF2 and that increased Cx43 endocytosis is a prerequisite for gap junction remodeling during mitosis.
A second Cx43 subpool localizes in intercellular plasma membrane bridges during mitosis Next, mitotic IAR20 cells were studied by live-cell differential interference contrast (DIC) imaging. This analysis revealed that mitotic cells often formed intercellular bridges with adjacent interphase cells as the mitotic cells rounded up ( Fig. 3A ; Movie 1 and Fig. S2 ; Movie S1). Such intercellular bridges were also observed when fixed IAR20 cells were analyzed by fluorescence confocal microscopy (Fig. 3B) . Furthermore, we observed that a subpool of Cx43 in IAR20 cells did not undergo endocytosis during mitosis. Rather, this Cx43 pool localized in the plasma membrane bridges formed between the mitotic cells and their adjacent interphase cells, as defined by DIC imaging (Fig. 3B) .
To obtain a better understanding of how the distribution of Cx43 changes throughout mitosis, we performed time-lapse fluorescence microscopy of IAR20 cells cotransfected with Cx43-EGFP and tomato-EEA1-CT in order to define early endosomes. In accordance with the data obtained in fixed IAR20 cells (Fig. 1) , subdomains of Cx43-EGFP-positive gap junctions were found to bud into the mitotic cell during mitosis ( Fig. 3C; Movie 2) . Sometimes, the internalized Cx43-enriched vesicles were found to undergo fusion with early endosomes ( Fig. 3C ; Movie 2). Over the course of 60 minutes, the level of Cx43-EGFP-positive gap junctions between mitotic cells and adjacent cells was gradually decreased, whereas the intensity of Cx43-EGFP in intracellular vesicular compartments increased ( Fig. 3C; Movie 2) . Moreover, in accordance with our observations in fixed cells (Fig. 3B) , a subpool of Cx43 was found to not undergo endocytosis during mitosis. Rather, this protein pool appeared to remain localized in plasma membrane bridges formed between mitotic cells and neighboring cells ( Fig. 3C ; Movie 2). After the completion of mitosis, this pool of Cx43 appeared to be able to rapidly reassemble into gap junctions ( Fig. 3C ; Movie 2). To further characterize the formation of the intercellular plasma membrane bridges formed during mitosis, IAR20 cells transfected with Cx43-EGFP were analyzed by livecell fluorescence/DIC imaging ( Fig. 3D; Movie 3 ). This analysis confirmed that a subpool of Cx43 localizes in intercellular bridges between mitotic cells and adjacent interphase cells that are formed as the mitotic cells round up ( Fig. 3D; Movie 3 ). In these bridges, Cx43 was sometimes found to localize in vesicular structures, which appeared to be transported to the mitotic cell ( Fig. 3D; Movie 3) . The analysis further suggested that these bridges are formed during the dislodgement of the mitotic cell and its adjacent cells as the mitotic cell rounds up. Following mitotic exit, gap junctions were found to be gradually established in the two daughter cells ( Fig. 3D; Movie 3) . Collectively, these observations suggest that Cx43 is subjected to two distinct fates during mitosis. One Cx43 pool undergoes endocytosis and trafficking to early endosomes, whereas a second pool remains localized in plasma membrane bridges that are formed between Figure 2 . SMURF2 regulates Cx43 gap junction remodelling during mitosis. (A) IAR20 cells were fixed, co-stained against Cx43 (green) and SMURF2 (red), and representative images of single confocal planes were acquired using fluorescence confocal microscopy. Cell-cycle stages were defined by DNA staining with Hoechst. Scale bars, 5 mm. (B) IAR20 cells were either transfected with non-targeting siRNA as a control or with siRNA sequences against SMURF2. After 48 hours of transfection, cell lysates were prepared and equal amounts of total cell protein were subjected to SDS-PAGE. Cx43 and SMURF2 were detected by western blotting, using anti-Cx43 and anti-SMURF2 antibodies, respectively. The blots were stripped and reprobed with anti-b-actin antibodies. (C) IAR20 cells were either transfected with non-targeting siRNA as a control or with siRNA sequences against SMURF2. After 48 hours of transfection, the cells were fixed, co-stained against Cx43 (green) and occludin (red), and representative images of single confocal planes were acquired using fluorescence confocal microscopy. The mitotic phases were determined based on DNA staining with Hoechst. mitotic cells and their neighboring interphase cells during mitotic rounding. In order to study whether this localization of Cx43 in intercellular plasma membrane bridges during mitosis is specific for IAR20 cells or may also occur in other cell types, we studied HeLa cells stably transfected with Cx43 (HeLa-Cx43). Similar to our observations in IAR20 cells, Cx43 was found to be subjected to two distinct fates during mitosis in the HeLa-Cx43 cells. One Cx43 pool was Figure 3 . (For figure legend, see page 2948.) subjected to endocytosis followed by trafficking to early endosomes (Fig. S3A) , whereas a second pool remained localized in intercellular bridges that formed between the mitotic cell and adjacent cells as the mitotic cell rounded up (Fig. S3B ).
The plasma membrane bridges formed between mitotic cells and adjacent cells are actin based
Next, we aimed to characterize the molecular composition of the Cx43-positive plasma membrane bridges that formed between mitotic cells and their adjacent cells. Morphologically, these structures resembled tunneling nanotubes, which are recently discovered conduits for long-distance communication between interphase cells. [24] [25] [26] Since Cx43 has previously been shown to localize in tunneling nanotubes in interphase cells, 31 we asked whether the Cx43-positive intercellular bridges that formed between mitotic cells and the adjacent cells displayed molecular features previously described for tunneling nanotubes. In human macrophages, two classes of membrane nanotubes have been observed: thin nanotubes that contain only F-actin and thicker nanotubes that contain both F-actin and microtubules (7) . Others have reported that tunneling nanotubes contain F-actin, but not microtubules (8) . To characterize the observed intercellular bridges in mitotic cells, we stained HeLa-Cx43 cells against tubulin and F-actin by using antitubulin antibodies and fluorophore-conjugated phalloidin, respectively. The Cx43-positive intercellular bridges that formed between mitotic cells and adjacent cells during mitotic rounding were found to be positive for F-actin ( Fig. 4A; Fig. S4A ). In contrast, microtubules were not detected in these structures ( Fig. 3B; Fig. S3B ). Thus, the plasma membrane bridges that formed between mitotic cells and their neighboring cells resemble the tunneling nanotubes in that they contain F-actin. Notably, they were also sometimes found to be devoid of Cx43 staining, suggesting that the presence of Cx43 is not a prerequisite for their formation (Fig. 4A, B) .
In order to facilitate the study of the actin-based plasma membrane bridges that formed between mitotic cells and neighboring cells, we chemically induced enrichment of cells in mitosis. To this end, HeLa-Cx43 cells were synchronized at the G2/M border by treating the cells with the selective cyclindependent kinase 1 (CDK1) inhibitor RO-3306 for 18 hours. 36 Cells were then allowed to enter mitosis in a synchronized manner by washing out RO-3306. As expected, following the release of RO-3306, Cx43 was found to undergo increased endocytosis, resulting in a gradual loss of gap junctions at the plasma membrane (Fig. 4B ). Moreover, a subpool of Cx43 was found to localize in actin-based plasma membrane bridges between mitotic cells and their neighboring cells in a manner that was similar to that in asynchronous cells (Fig. 4B) . Under conditions in which cells were synchronized in mitosis, these bridges were also often found to connect several mitotic cells together ( Fig. 4B; Fig. S4A ). Notably, actin-based plasma membrane bridges between mitotic cells and adjacent cells were also found in HeLa cells not transfected with Cx43, in accordance with the notion that the presence of Cx43 is not a prerequisite for the formation of these structures (Fig. S4A) .
Next, we aimed to obtain a quantitative assessment of the level of the actin-based plasma membrane bridges that formed between mitotic cells and the adjacent cells. One hour following the release of RO-3306, approximately 60% of the cells were found to be in mitosis (Fig. 4C ). At this time point, the number of actin-based intercellular plasma membrane bridges per cell in the culture was approximately 6-fold higher than that in untreated cells (Fig. 4D) . Moreover, the average length of the actin-based intercellular plasma membrane bridges increased from 5.8 mm in untreated cells to 9.3 mm following the release of RO-3306 for 60 minutes (Fig. 4E ). This effect was likely due to the fact that the distance between the cells in the culture increases as more cells enter mitosis. As expected, the average number of actin-based intercellular plasma membrane bridges per mitotic cell was the same in the untreated cells and in the cells exposed to RO-3306 treatment and washout (Fig. S4C) . Collectively, these data indicate that increasing the mitotic index in HeLa cells is associated with an increase in the number of actin-based intercellular plasma membrane bridges between cells.
To obtain a better understanding of the localization of Cx43 and F-actin in the actin-based plasma membrane bridges formed between mitotic cells and adjacent cells, we performed super-resolution microscopy. To this end, Hela-Cx43 cells were allowed to enter mitosis in a synchronized manner by using RO-3306 as described above, and the cells were then fixed, stained against Cx43 and F-actin, and analyzed by structured illumination microscopy (SIM). Three-dimensional reconstruction of z-stacks obtained by SIM imaging indicated that the diameter of the actin-based plasma membrane bridges formed between mitotic cells and the adjacent cells varied considerably (Fig. 5A) . Sometimes, the actin-based plasma membrane bridges appeared to have diameters of >1 mm as observed by SIM imaging. Such structures seemed to contain bundles of actin, which resembled the parallel actin bundles that support filopodial protrusions (Fig. 5A) . 37 Notably, actin-based plasma membrane bridges were found to form between mitotic cells and adjacent cells even though the cells were closely localized to each other (Fig. 5B) . (B) IAR20 cells were fixed, stained against tubulin (red) and Cx43 (green), and representative images of single confocal planes were acquired using fluorescence confocal microscopy. Arrows indicate plasma membrane bridges between a mitotic cell and an adjacent cell, as detected by DIC. Insets show enlarged view of representative membrane bridges. Scale bar, 10 mm. (C) IAR20 cells co-expressing Cx43-EGFP and Tomato-EEA1-CT were subjected to live cell imaging, and images were collected every minute over a 60 minutes period. Representative images of single confocal planes at various time points as indicated are shown. Arrows indicates a Cx43 pool that appears to localize in a plasma membrane bridge formed between a mitotic cell and an adjacent cell, which appears to rapidly reassemble into gap junction-like structures in the plasma membrane after the completion of mitosis. Scale bar, 10 mm. . Characterization of plasma membrane bridges between mitotic cells and adjacent cells in non-synchronized and synchronized HeLa cells. Hela-Cx43 cells were (A) left untreated or (B) treated with RO-3306 (10 mM) for 18 hours followed by wash-out of RO-3306 and incubation in normal cell culture medium for 60 minutes. The cells were then fixed and stained against Cx43 using anti-Cx43 antibodies (green) and against F-actin using fluorophore-conjugated Phalloidin (red). The nuclei were stained using Hoechst. Representative images of single confocal planes acquired using fluorescence confocal microscopy are shown. Insets show enlarged view of representative intercellular membrane bridges. The arrow to the right in A indicates an intercellular plasma membrane bridge containing Cx43, whereas the arrow to the left indicates an intercellular plasma membrane bridge negative for Cx43. Scale bars, 10 mm. SIM imaging further revealed that the actin-based plasma membrane bridges between mitotic cells and adjacent cells contained both Cx43-positive vesicles (Fig. 5A , B, C) as well as elongated gap junction-like structures (Fig. 5B, D, E) . Sometimes, Cx43 was found to form gap junction-like structures localized in the center of the tube, with approximately equal distance to the mitotic cell and the adjacent cell (Fig. 5E) . These structures had a disc-like shape (Fig. 5E) .
To obtain a better understanding of how the gap junctionlike structures within the actin-based bridges between mitotic cells and adjacent cells are formed, we co-seeded HeLa-Cx43 cells transfected with Cx43-EGFP with HeLa-Cx43 cells transfected with Cx43-mCherry. As determined by fluorescence confocal microscopy, the intercellular bridges that formed between mitotic cells and adjacent interphase cells were found to contain both Cx43-EGFP and Cx43-mCherry, as indicated by yellow fluorescence (Fig. 6 ). These observations suggest that both mitotic cells and adjacent cells contribute to the formation of the gap junction-like structures localizing in the intercellular bridges.
The [24] [25] [26] Among the vesicles transported via tunneling nanotubes are Rab11-positive vesicles. 38 Rab11 is a well-established marker for recycling endosomes. 39 To elucidate whether Cx43-positive vesicles and/or Rab11-positive vesicles are trafficked between mitotic cells and their neighboring cells via the actin-based intercellular bridges, HeLa-Cx43 cells were co-transfected with Cx43-mCherry and Rab11-GFP. Cells were then allowed to enter mitosis in a synchronous manner by treating the cells with RO-3306 as described above. Fifteen minutes after the release of RO3306, cells were analyzed by time-lapse fluorescence microscopy. Rab11-positive vesicles were found to be transported between mitotic cells and their neighboring interphase cells via the actin-based plasma membrane bridges ( Fig. 7A; Movie 4) . Some of these Rab11-positive vesicles were positive for Cx43, suggesting that Cx43 is transported between mitotic cells and neighboring interphase cells through actin-based bridges via recycling endosomes ( Fig. 7A; Movie 4) .
In addition to localizing in the actin-based bridges, vesicles containing both Cx43-mCherry and Rab11-GFP were found to localize intracellularly ( Fig. 7A; Movie 4 ). In accordance with the notion that a subpool of Cx43 localizes in recycling endosomes during mitosis, Cx43 was found to partly colocalize with Rab11 in mitotic HeLa-Cx43 cells, as determined by analysis of fixed cells by fluorescence confocal microscopy (Fig. S5) . Collectively, these observations suggest that Cx43 may undergo recycling following endocytosis during mitosis, in accordance with the findings of a previous study by Boassa et al. 12 The actin-based bridges between mitotic cells and adjacent cells were also found to contain large gap junction-like structures, in accordance with the time-lapse fluorescence microscopy analysis and super-resolution microscopy analysis of IAR20 cells described earlier (Figs. 3C, 7B ; Movie 2; Movie 5). These structures possibly act as reservoirs of Cx43 for the rapid reassembly of gap junctions at the mitotic exit. In accordance with the observations in IAR20 cells (Fig 3A; Movie 1, Fig S2; Movie S1 and Fig. 3D; Movie 3) , the time-lapse fluorescence microscopy analysis of HeLa-Cx43 cells indicated that the actin-based bridges are formed by the dislodgement of the mitotic cells and its adjacent cells as the mitotic cell rounds up during mitosis (Fig 7B; Movie 5) .
Collectively, these observations indicate that the actin-based plasma membrane bridges that are formed between mitotic cells and their adjacent cells during mitotic rounding have Figure 5 . Super-resolution microscopy analysis of actin-based plasma membrane bridges between mitotic cells and adjacent cells. (A-E) Hela-Cx43 cells were treated with 10 mM RO-3306 for 18 hours followed by wash-out of RO-3306 and incubation in normal cell culture medium for 60 minutes. The cells were then fixed and stained against Cx43 using anti-Cx43 antibodies (green) and against F-actin using fluorophore-conjugated Phalloidin (red). The nuclei were stained using Hoechst. The cells were analyzed by SIM, and the images acquired were then subjected to 3-dimensional reconstruction using IMARIS. Scale bars, 3 mm.
certain characteristics in common with tunneling nanotubes that have previously been described between interphase cells. For instance, they contain F-actin and have the ability to mediate the intercellular exchange of Rab11-positive vesicles. [24] [25] [26] However, whereas tunneling nanotubes are less than 500 nm in diameter, 24, 25 the membrane tubes between mitotic cells and adjacent cells were observed to sometimes have diameters over 1 mm, as determined by super-resolution microscopy. Moreover, our data suggest that these structures may have unique characteristics and functions specifically related to the mitotic process. Thus, we propose the new term "mitotic nanotubes" to refer to these actin-based plasma membrane bridges between mitotic cells and adjacent cells.
Mitotic nanotubes contain ezrin and cell-cell junction proteins in addition to Cx43
Ezrin forms a complex with radixin and moesin, together called the ERM (ezrin/radixin/moesin) protein family, which participates in cross-linking actin to the plasma membrane and organizing actin filaments in cellular extensions. 40 Previous studies have reported that ezrin localizes in tunneling nanotubes. 27 As determined by fluorescence confocal microscopy, ezrin was found to localize in the mitotic nanotubes (Fig. S6A ). These observations suggest that the ERM complex may have a role in cross-linking the actin filaments to the plasma membrane in these structures.
The above data suggest that mitotic nanotubes, among other functions, may act as plasma membrane reservoirs for gap junctions during mitosis. Notably, these structures were also found to contain the tight junction proteins ZO-1 and occludin, the adherens junction protein b-catenin, and the desmosome protein desmoplakin (Fig. S6B) .
Comparison between mitotic nanotubes and retraction fibers
As determined by DIC imaging, the mitotic nanotubes were found to morphologically resemble the retraction fibers, which are actin-based protrusions involved in anchoring mitotic cells to the substratum during rounding (Fig. 8A) . 9, 10 However, in contrast to mitotic nanotubes, retraction fibers did not contain Cx43 (Fig. 8A) . We also compared mitotic nanotubes with retraction fibers by 3-dimensional reconstruction of z-stacks from SIM. This analysis revealed that, in contrast to retraction fibers, mitotic nanotubes were not attached to the substratum (Fig. 8B ).
Discussion
The round morphology obtained by cells during mitosis has been shown to be associated with a rapid decrease in cell surface area and volume.
2,5-7 However, how mitotic cells communicate with adjacent cells during rounding has remained elusive. In the present study, we demonstrate that mitotic cells are able to communicate with neighboring cells by forming actin-based plasma membrane bridges. The ability of these structures to mediate the exchange of cytoplasmic content between cells along with their high F-actin content is reminiscent of tunneling nanotubes, which have previously been described between interphase cells. [24] [25] [26] However, our data indicate that these structures may also have unique characteristics and functions specifically related to the mitotic process. Thus, we propose the new term "mitotic nanotubes" to refer to these intercellular structures that are formed during mitosis (Fig. 9) .
Mitotic cell rounding involves major changes in cytoskeleton organization. The microtubules are remodeled in order to generate a mitotic spindle, whereas changes in the actin cytoskeleton drive the rounding and cortical stiffening of mitotic cells. 41, 42 The actin cytoskeleton is also involved in forming retraction fibers, which anchor the rounded mitotic cells to the substratum. 9, 10 In the present study, we show that actin is also involved in forming plasma membrane bridges between mitotic cells and adjacent cells and that these structures act as conduits for intercellular communication. In analogy to the role of retraction fibers in anchoring the rounded mitotic cells to the substratum, mitotic nanotubes may participate in anchoring the rounded mitotic cells to their adjacent cells. It is also possible that the actin fibers localized in mitotic nanotubes may be involved in the transport of vesicles between the mitotic cells and their neighboring cells.
Interestingly, early scanning electron microscopy studies on Chinese hamster ovary cells described filopodia-like structures with a diameter of 50-100 nm and a length of several micrometers that appeared to link mitotic cells with other cells. 4 However, the molecular composition or functions of these structures were not characterized. Thus, it remains to be determined whether these structures may have molecular and functional similarities to the actin-based plasma membrane bridges that we have characterized in the IAR20 and HeLa cells in the present study.
Our data indicate that the mitotic nanotubes are involved in mediating transfer of Rab11-positive vesicles between mitotic cells and adjacent cells. In future studies it will be interesting to further characterize the type of cargo that is transported to and from the mitotic cells via these structures. Recent studies have shown that tunneling nanotubes are also involved in mediating electrical coupling between non-mitotic cells. 31, 32 The presence of Cx43 in the tunneling nanotubes was shown to be essential for the ability of the tunneling nanotubes to electrically couple cells. 31, 32 Here, we have shown that Cx43 was frequently found to localize in the mitotic nanotubes. Whether the mitotic nanotubes may be involved in meditating electrical coupling between mitotic cells and adjacent cells, and the possible role of such coupling in mitosis, remains to be investigated. The Cx43 pool in the mitotic nanotubes was found to localize in vesicular structures, some of which were Rab11 positive, or in gap junction-like structures. Further studies are required in order to precisely define these structures, and to determine whether they are double-membrane structures as in gap junctions, or whether they consist of hemichannels not assembled into gap junctions. Our data suggest that the Cx43 pool that localizes in mitotic nanotubes may be rapidly reassembled to form new gap junctions at the mitotic exit, raising the possibility that the mitotic nanotubes can act as reservoirs for Cx43 during mitosis. This potential novel mechanism for gap junction remodeling during mitosis could be highly beneficial and energy saving, allowing cells to quickly restore gap junction intercellular communication as soon as they have finished dividing. In contrast to the gap junctions, the tight junctions, adherens junctions and desmosomes have been shown to persist throughout cell division. 11 However, the mitotic nanotubes were observed to contain not only Cx43 but also protein constituents of the tight junctions, adherens junctions, and desmosomes, suggesting that mitotic nanotubes may to some extent also act as a reservoir for the other intercellular junctions during mitosis.
Gap junctions are highly dynamic plasma membrane domains, and newly synthesized Cx43 is continuously recruited to the outer edges of gap junction plaques, while the older Cx43 pool is removed from the center of the gap junction plaques by endocytosis. 43, 44 Gap junction levels can be adjusted by altering the rate of connexin synthesis, the trafficking of connexins to the plasma membrane, the assembly of connexins into gap junctions, or the rate of endocytosis and degradation. 45 The endocytosis of gap junctions is a unique process in which both membranes of the junction are internalized into one of the adjacent cells, forming a double-membrane vesicle called an annular gap junction or connexosome. [46] [47] [48] [49] [50] [51] Following gap junction endocytosis, connexins may be trafficked to and degraded in lysosomes. 52, 53 Our data show that Cx43 is transported to early endosomes following gap junction endocytosis during mitosis. This observation is in agreement with a previous study by Boassa et al., showing that Cx43 colocalizes with EEA1 in mitotic normal rat kidney (NRK) cells. 12 The early endosome is known to act as a major sorting station for endocytosed plasma membrane proteins. 54 Hence, the finding that Cx43 localizes to early endosomes in mitotic cells raises the interesting possibility that the early endosomes may be involved in regulating the reestablishment of Cx43 gap junctions after cytokinesis. The results obtained in the present study are in agreement with those of previous studies demonstrating that Cx43 gap junctions resume at the plasma membrane after cytokinesis. 12, 16, 17, 34 Boassa et al. have proposed that the reestablishment of Cx43 gap junctions after cytokinesis is due to the recycling of endocytosed Cx43 from intracellular compartments to the plasma membrane. 12 This model for regulation of gap junction levels during mitosis would be in accordance with findings from previous studies suggesting that the modulation of endosomal recycling is a general mechanism for regulating the surface expression of plasma membrane proteins and for controlling the plasma Figure 8 . Morphological and molecular comparison between retraction fibers and mitotic nanotubes. Hela-Cx43 cells were treated with RO-3306 (10 mM) for 18 hours followed by wash-out of RO-3306 and incubation in normal cell culture medium for 60 minutes. The cells were then fixed and stained against Cx43 using anti-Cx43 antibodies (green) and F-actin was stained using fluorophore-conjugated Phalloidin (red). The nuclei were stained using Hoechst. (A) The cells were then visualized by fluorescence confocal microscopy. Representative images of single confocal planes are shown. Scale bars, 10 mm. (B) The cells were imaged by SIM, followed by 3-dimensional reconstruction of images using the IMARIS software. The asterisk indicates the distance between the mitotic nanotube and the substratum. Scale bars, 2 mm. membrane area during mitosis. 2 The data obtained in the current study are in line with a scenario in which Cx43 undergoes recycling to the plasma membrane to reassemble into gap junctions as the cells exit mitosis. For instance, we have found that Cx43 localizes in intracellular vesicles that contain Rab11, a marker for recycling endosomes. On the basis of the data obtained in the present and previous studies on the mitotic regulation of Cx43, a possible scenario for the remodeling of gap junctions during mitosis could be that Cx43 is subjected to two distinct fates during mitosis, in which one Cx43 pool is internalized and trafficked to early endosomes and recycling endosomes, while a second Cx43 pool may localize in mitotic nanotubes. In this scenario, both Cx43 pools would be able to reassemble into gap junctions after mitotic exit. Further studies are required to precisely define the mechanisms involved in the reestablishment of gap junctions after mitotic exit. It is important to take into consideration that during the reestablishment of gap junctions following mitotic exit, also newly synthesized Cx43 is likely to play an important contribution. The relative importance of Cx43 recycling and new synthesis of Cx43 in the reestablishment of gap junctions following mitotic exit remains to be determined.
We have previously demonstrated that the E3 ubiquitin ligase SMURF2 regulates the endocytosis of Cx43 gap junctions in IAR20 cells under basal conditions and in response to PKC activation. 35 In the present study, we found that SMURF2 has a major role in regulating the endocytosis of Cx43 gap junctions during mitosis in IAR20 cells. The data further suggest that endocytosis of Cx43 is essential for the remodeling of gap junctions during mitosis. SMURF2 has previously been shown to regulate the normal progression of the spindle assembly checkpoint (Osmundson et al., 2009). Our findings raise the intriguing scenario that SMURF2 may have a role in coordinating the downregulation of Cx43 gap junction intercellular communication with the control of the mitotic spindle checkpoint and possibly other mitotic events.
In conclusion, this study provide new insights into the mechanisms involved in the remodeling of gap junctions during mitosis, and identifies actin-based plasma membrane bridges as a novel means of communication between mitotic cells and their neighboring cells. Collectively, the data add another layer of complexity to our understanding of how cells communicate with their neighboring cells and modulate their surface area during mitosis.
Materials and methods
Cell culture
The rat liver epithelial cell line IAR20, originally isolated from normal inbred BD-IV rats, was obtained from the International Agency for Research on Cancer (Lyon, France) (14) . HeLa cells stably transfected with rat Cx43 (HeLa-Cx43) were a kind gift from Professor Klaus Willecke (University of Bonn, Germany), and have been described previously (15) . Cells were grown on 35-mm or 100-mm Petri dishes in Dulbeccos modified Eagles medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) (Gibco BRL Life Technologies, Inchinnan, UK) and L-glutamine (Sigma). Cell cultures were regularly tested for mycoplasma infection using Myco Alert (Lonza, Walkersville, MD) according to the manufacturer's protocol.
Reagents and antibodies
The CDK1 inhibitor IV, RO-3306, was obtained from VWR (Radnor, PA). Anti-Cx43 antibodies were obtained by injecting rabbits with a synthetic peptide consisting of the 20 C-terminal amino acids of Cx43 (dilutions for Western blotting were 1:4000; for immunofluorescence 1:500) (16) . Model on the regulation of Cx43 during mitosis. Based on the data presented in this study, we propose that mitotic cells are able to form actin-based plasma membrane bridges with adjacent cells during rounding, termed mitotic nanotubes. These structures are involved in mediating trafficking of vesicles to and from the mitotic cells and may act as plasma membrane reservoirs during cell rounding. We also propose that Cx43 is subjected to two different fates during mitosis. One subpool undergoes increased endocytosis and subsequent sorting to early endosomes and recycling endosomes. Cx43 may then undergo recycling to the plasma membrane and form de novo functional gap junctions at the mitotic exit. A second pool of Cx43 localizes in the mitotic nanotubes formed between the mitotic cell and its neighboring cells. At the completion of mitosis, both the Cx43 that localizes in the mitotic nanotubes as well as the Cx43 pool that has been internalized may reassemble to form new gap junctions between cells.
antibodies (2Q400; 1:100) were both from Abcam (Cambridge, UK). Alexa488-conjugated goat anti-rabbit IgG (A11034; 1:1000) and Alexa555-conjugated goat anti-mouse IgG (A21424; 1:1000) were from Thermo Fisher Scientific (Maltham, MA 
DNA and siRNA transfection
The expression plasmids encoding Cx43-EGFP were a kind gift from Klaus Willecke (University of Bonn, Germany). Cx43-mCherry was a kind gift from Michael Davidson (Addgene plasmid #55023). The Tomato-EEA1-CT construct, made by recombining pDest-Tomato and pEntr-EEA1-CT, was kindly provided by Harald Stenmark (The Norwegian Radium Hospital, Oslo, Norway). Rab11-GFP was a gift from Richard Pagano (Addgene plasmid #12674). Cells were grown on 35-mm Petri dishes and transfected 24 h after seeding using Lipofectamine 2000 reagent Thermo Fisher Scientific (Maltham, MA) according to the recommendations of the manufacturers. Prior to plasmid transfection, the cell culture medium containing FBS and L-glutamine was replaced with DMEM containing only Lglutamine. Five hours after transfection, DMEM containing only L-glutamine was replaced with DMEM containing both FBS and L-glutamine.
The siRNA oligo targeted against SMURF2 (Stealth Select RNAi SMURF2RSS314470) was obtained from Thermo Fisher Scientific (Maltham, MA), and had the following sequence: 5-GAGAUGAUAUCUACACGUUACAGAU-3. As siRNA control constructs, Stealth RNAi Negative Control (Medium GC) from Thermo Fisher Scientific (Maltham, MA) was used. siRNA was transfected into cells using Lipofectamine 2000 at a final concentration of 80 nM, according to the manufacturer's procedure. The cell culture medium was replaced with DMEM supplemented with 10% (v/v) FBS 24 hours after transfection. The cells were assayed 48 hours after transfection.
Cell-cycle synchronization
Cell-cycle synchronization at the G2/M phase border was achieved by treating cells with the reversible CDK1 inhibitor RO-3306 (10 mM, Sigma Aldrich, St. Louis, MO) for 18 hours. The cells were then allowed to enter mitosis in a synchronous manner by washing the cells three times with cell culture medium without RO-3306 and incubated for various time points without RO-3306 before assaying.
Confocal microscopy
Cells grown in monolayer were fixed with 4% formaldehyde in PBS for 15 minutes at room temperature, rinsed in PBS and permeabilized with 0.1% Triton X-100 for 30 minutes. The cells were then rinsed twice in PBS and incubated with PBS containing 5% (w/v) dry milk and 0.1% Tween for 1 hour. The cells were incubated with primary antibodies overnight, washed with PBS and incubated with Alexa488-and/or Alexa555-conjugated secondary antibodies for 1 hour. The cells were then rinsed in PBS and the nuclei were stained with Hoechst 33342 (10 mg/ml in PBS) prior to mounting with ProLong Gold Antifade Mountant (ThermoFisher Scientific, Maltham, MA). The cells were analyzed with a LSM 710 META confocal microscope (Carl Zeiss Inc., Oberkochen, Germany) equipped with a Plan Apochromat 63£ 1.4 NA oil immersion objective (Carl Zeiss Inc., Oberkochen, Germany). Images were acquired with the ZEN 2009 edition software and processed with Adobe Photoshop CS4. The level of co-localization between Cx43 and EEA1 in the various mitotic phases was quantified in z-stacks using the IMARIS software (Bitplane, Andor Technology, Zurich, Switzerland). The level of Cx43 staining in the cell-cell interface as a percentage of the total cellular Cx43 staining in the same focal plane was quantified using ImageJ software, as described previously. 35 To quantify the level of mitotic nanotubes in controls HeLa-Cx43 cells and in cells synchronized in mitosis, z-stacks of whole cells were acquired. The length and number of actin-based bridges observed between mitotic cells and adjacent cells was then quantified using the ZEN 2009 edition software.
Live-cell imaging IAR20 and HeLa-Cx43 cells were seeded in MatTek's glass bottom culture dishes (MatTek Corporations, Ashland, MA) and co-transfected with plasmids 24 hours after seeding. Live-cell imaging was performed 48 hours after transfection. To record the time-lapse movies of the IAR20 cells, a DeltaVision fluorescence microscope (Applied Precision Inc., Issaquah, WA) equipped with Elite TruLight Illumination System, a CoolSNAP HQ2camera and a 60x Plan Apochromat (1.42 NA) lens was used. Images were taken every minute over a period of 60 minutes for up to 20 hours. Time-lapse images were acquired as z-sections, 0.6 mm apart. To increase the mitotic index, the plasmid-transfected HeLa-Cx43 cells were treated with RO-3306 for 18 hours. RO-3306 was then washed out and the cells were incubated in medium without RO-3306 for 15 minutes prior to initiation of live-cell imaging. To record the time-lapse movies of the HeLa-cells, a Deltavision OMX V4 microscope (Applied Precision Inc., Issaquah, WA) equipped with an Olympus £60 NA 1.42 Plan Apochromat objective, an InSightSSI TM widefield illumination module, and 3 cooled sCMOS cameras was used. Images were taken every 50 second over a period of 40 minutes. Time-lapse images were acquired as 13 z-sections, 0.6 mm apart. Live-cell samples were enclosed in environmental chambers that were maintained at 37 C with 5% CO 2 level during imaging. All time-lapse images acquired were deconvolved and processed using the softWoRx software (Applied Precision Inc., Issaquah, WA).
SIM
Hela-Cx43 cells were grown on high precision coverglasses, transfected and treated with RO-3306 for 18 hours followed by wash-out of RO-3306 and incubation in cell culture medium without RO-3306 for 60 minutes. The cells were then fixed with 4% formaldehyde diluted in PBS. For immunostaining, the cells were permeabilized with 0.1% Triton-X-100 in PBS. Immunostaining was done with antibodies diluted in PBS containing 5% (w/v) dry milk and 0.1% Tween, followed by Hoechst staining and washes. The samples were mounted with ProLong Gold Antifade Mountant on object slides.
Three-dimensional structured illumination microscopy was performed on a Deltavision OMX V4 microscope (Applied Precision, Inc., Issaquah, WA) equipped with an Olympus £60 NA 1.42 Plan Apochromat objective, 405 nm, 445 nm, 488 nm, 568 nm, and 642 nm laserlines, and 3 cooled sCMOS cameras. Z-Stacks covering the whole cell were recorded, with a z-spacing of 125 nm. For each focal plane, 15 raw images (5 phases for 3 different angular orientations of the illumination pattern) were captured. Super-resolution images were reconstructed, aligned, and processed for presentation using Softworx software (Applied Precision, Inc., Issaquah, WA). IMARIS software was used for 3-dimensional reconstruction.
Statistical analysis
For statistical analysis, the independent sample t-test was used to determine significance. P values less than 0.05 were considered significant. Standard errors were calculated in Statistical Package for the Social Sciences (SPSS) (IBM), and graphs were created in Microsoft Excel. The box plot shown in Fig. S4B was made in SPSS. The other graphs were made in Microsoft Excel, which was also used to calculate standard deviations.
Western blotting
Cells grown in 35-mm Petri dishes were washed with PBS and scraped in 300 ml sodium dodecyl sulfate (SDS) electrophoresis sample buffer (10 mM Tris, pH 6.8, 15% w/v glycerol, 3% w/v SDS, 0.01% w/v bromophenol blue and 5% v/v 2-mercaptoethanol). The cell lysates were sonicated and heated for 5 minutes at 95 C. Samples were separated by 8% SDS-PAGE and transferred to nitrocellulose membranes as described (16) . The membranes were developed with chemiluminescence using Lumiglo (EMD Millipore, Billerica, MA) or SuperSignal West Dura Extended Duration Substrate Thermo Fisher Scientific (Maltham, MA), and imaged using the ChemiDoc XRSC System (Bio-Rad, Hercules, CA). Bands were quantified using the Image Lab v2.0 software (Bio-Rad, Hercules, CA).
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